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 Abstract  
In this letter, we report the successful growth of high-quality Aurivillius oxide thin films with 
m = 8 (m denotes the period of the Aurivillius structure) using pulsed laser deposition. Both 
ferroelectric and magnetic properties of the layer-structure epitaxial Bi9Ti3Fe5O27 films were 
investigated. Surprisingly, the optimized thin films exhibit in-plane ferroelectric polarization 
switching as well as ferromagnetism even at room temperature, though the bulk material is 
antiferromagnetic. In addition, dielectric measurements indicate that such thin films exhibit 
potential for high-frequency device applications. This work therefore demonstrates a new pathway 
to developing single-phase multiferroic materials where ferroelectricity and ferromagnetism 
coexist with great potential for low energy device applications.  
   
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Introduction  
There has been a long-standing challenge in the fabrication of epitaxial thin films of layered 
Aurivillius oxides due to their thermodynamic phase-instability and the large stacking layer 
number.1 However, the demand for high-quality thin films has been strongly increased by their 
promising room-temperature multiferroic properties.2 Single-phase multiferroic thin films are 
favorable for device applications because of their potential for realizing cross-control between 
ferroelectric and ferromagnetic orders in low energy and highly integrated devices.3,4 The 
Bi4Ti3O12-BiFeO3 system is known to contain a series of compounds with the  general formula 
Bim+1Fem-3Ti3O3m+3.5-7 These compounds possess layered perovskite-like structures, first described 
by Aurivillius, in which fluorite-like bismuth-oxygen layers of composition {(Bi2O2)2+} alternate 
with (001) perovskite-like slabs of composition {( Bim+1Fem-3Ti3O3m+1)2-}.8 Fractional m values 
correspond to mixed-layer structures, which contain perovskite-like slabs of different thicknesses.   
The compound Bi9Ti3Fe5O27 (BTFO) has eight perovskite layers between the Bi2O2 layers. 
The scientific and practical application value of BTFO
 
arises from its multiferroic properties ± 
namely ferroelectric and antiferromagnetic ± which are simultaneously exhibited in bulk.9 The 
antiferromagnetic Neel temperature TN of bulk BTFO has not been precisely determined. Instead, 
the value of TN is estimated to be as high as 360 K, above which the compound transitions to a 
paramagnetic state.10 Coherent intergrowths of structural elements rather similar to tertragonal-
tungesten-bronze-type were observed and these sometimes appeared to be relics of the super-lattice 
phase.11  
The vast majority of previous studies have mainly focused on bulk BTFO compounds.9,11,12 
Until now, very little work has been done on BTFO thin films, due to the difficulty in fabricating 
high-quality epitaxial single-crystalline thin films. The layered structures and complicated 
compositions have posed significant challenges to film growth. In the similar Ruddlesden-Popper 
series, theoretical calculations have shown that the thermal-equilibrium energies of various phases 
with different numbers of layers approach a constant value when m is larger than 3,13 which causes 
experimentally observed intergrowths during the synthesis of bulk compounds.14,15 Similar 
phenomena have occurred during the synthesis of bulk Aurivillius compounds as well.15,16 To 
achieve high-quality single-crystalline films in this work, we employed pulsed laser deposition, 
which can be a superior method for growing highly epitaxial complex oxides that are unstable in 
bulk. In this work, c-axis-oriented BTFO epitaxial thin films were successfully fabricated with 
uniform m = 8 Aurivillius structures by optimizing growth parameters, namely the growth 
temperature and oxygen pressure. More importantly, lattice-matched substrates were chosen to 
achieve strained and high-quality epitaxial films, which are crucial for stabilizing a novel 
ferromagnetic phase in our thin films.  
Experimental   
BTFO thin films and SrRuO3(SRO)/BTFO heterostructures were grown on TiO2-terminated 
SrTiO3 672VXEVWUDWHVXVLQJSXOVHGODVHUGHSRVLWLRQZLWKD.U)H[FLPHUODVHUȜ QP
All substrates had a vicinal angle of ~0.1o. BTFO targets with about 10% excess Bi and 
stoichiometric SRO targets were ablated at a laser fluency of ~1.2 J/cm2 and a repetition rate of 17 
Hz and 5Hz for the growth of SRO and BTFO, respectively. During the BTFO growth, the STO 
substrates were held at 700oC in a dynamic oxygen pressure of 100 mTorr. For the SRO layer 
growth, the temperature was 650 oC. After growth, as-grown BTFO films and heterostructures were 
cooled to room temperature at a rate of ~5 oC/min in 760 Torr of oxygen to optimize oxidation. 
The film structure was studied by high-resolution X-ray diffraction (HRXRD) (PANalytical, 
;¶3HUW 352 DQG VFDQQLQJ WUDnsmission electron microscopy (STEM). Film morphology and 
ferroelectric domain structure were investigated using atomic (AFM) and piezoelectric force 
microscopy (PFM) (Bruker, Dimension Icon & Multimode 8) with commercially available TiPt-
coated Si tips (Mikro Masch) with a tip curvature radius of ~30 nm. All the AFM and PFM tests 
were carried out at room temperature. A superconducting quantum interference device (SQUID) 
(Quantum Design) was used to examine the magnetic properties of the films with the magnetic 
field applied parallel to the thin film plane. Dielectric and electrical characterization was performed 
using an E4980 LCR meter (Agilent) and 6517B electrometer (Keithley/Tektronix).   
Results and Discussion  
Figure 1(a) shows the X-ray diffraction (XRD) Ȧ-2ș scans of BTFO/STO (001) and 
BTFO/SRO/STO heterostructures. The diffraction peaks demonstrate an m = 8 Aurivillius 
structure with a similar c axis lattice constant with or without the SRO bottom electrode. No other 
peaks were found showing that the BTFO epitaxial films are single-phase. The thickness fringes 
of the main peaks (0012) and (0024) in Figure 1(b) indicate the high-quality coherent growth of 
interlayers in the as-grown epitaxial BTFO films. The observation of the layer thickness fringes 
also indicates that the top surface is smooth and the interface between the layered structures is 
abrupt.17 The high-resolution AFM image (left panel of Figure 1(c)) indicates step-flow growth of 
the layered-perovskite BTFO films with a surface step height of ~3.8 nm (half of the BTFO unit 
cell) as seen in the height profile on the right panel of Figure 1(c). The bulk lattice constants are a 
= 5.536 Å, b = 5.602 Å and c = 75.16 Å, respectively.7,9 In order to confirm the surface roughness 
of the SRO bottom layer, the root-mean-square roughness (RMS) of a 30 nm SRO film grown on 
STO (Figure 1(d)) was of the order of the pseudocubic unit cell (RMS = 0.136nm), and the terraces 
due to the < 0.5o miscut of the STO substrate were clearly seen at the surface of the film. The X-
ray reciprocal space mapping was employed to determine the strain state of the as-grown films. 
The BTFO films and the SRO bottom layer are found to be coherently strained to the STO 
substrate, as shown in Figure 1(e). This can be easily understood since BTFO can sit on the 
SRO/STO unit cell with the following relation: aBTFOc§DSROc§DSTO(5.52 Å).18,19  
The cross-section atomic structure of an as-grown BTFO film with a SRO bottom electrode 
layer was measured with aberration-corrected STEM high-angle annular dark-field (STEM 
HAADF), as shown in Figure 2. Figure 2(a) illustrates a schematic of the BTFO layered 
perovskite structure with m = 8. As seen in the TEM images, the BTFO film exhibits a uniform m 
= 8 structure within the entire measured thickness range, as there were seven layers of perovskite 
sandwiched by two closely stacked Bi2O2 bilayer. The thickness of the bottom electrode SRO film 
and the BTFO film is 20±0.5 and 55±0.7 nm, respectively, as shown in Figure 2(b). Figure 2(c) 
shows a high-resolution image of the layer-structured BTFO film. Some stacking faults can be 
observed in (Bi2O2)2- bilayer. The c-axis lattice parameter determined from high-resolution STEM 
images is 7.58f0.15 nm, which is in good agreement with the XRD results and that of bulk 
compound.9 The interface between the STO substrate and SRO as well as the interface between 
SRO and BTFO are shown in Figures 2(d)&(e), respectively. The STEM images overall illustrate 
the high epitaxial quality of BTFO and SRO films on the STO substrate.   
As illustrated in Figure 3, a conductive epitaxial SRO layer was used as bottom contact in the 
BTFO/SRO/STO heterostructure during nanoscale probe bias control. For the 20 V probe bias 
poling of the BTFO/SRO/STO heterostructure, the in-plane domain switching is clear while the 
out-of-plane domain switching is not visible before and after the application of an electric field, as 
shown in Figure 3(b)&(d). This illustrates that the polarization of BTFO films should be mainly 
in-plane. It is reported that in Bi4Ti3O12 single crystals, the spontaneous polarization shows a large 
component along the  axis and a smaller component along the c axis.20 So it is reasonable to 
assume that the spontaneous polarization of BTFO lies in-plane. In an approximately 55 nm thick 
BTFO thin film, the in-plane ferroelectric polarization was switched under the application of a 
probe bias of approximately +20 V as shown in Figure 3(b). Detailed domain structure imaging 
should be conducted in order to reveal the anisotropic ferroelectric switching in BTFO films.  
The magnetic properties of epitaxial BTFO films were measured with BTFO/STO 
heterostructures using a SQUID magnetometer. Figure 4(a) shows in-plane magnetization curves 
as a function of magnetic field (M-H) at different temperatures after subtracting the diamagnetic 
signal of the STO substrate. Surprisingly, the heterostructures exhibit obvious hysteresis loops with 
clear saturation, characteristics of ferromagnetism. The ferromagnetism persists from 2K to 300K, 
and the saturation magnetization Ms decreases from 10.3 to 7.8 emu/cm3 during heating. This is, to 
our best knowledge, the first report of clear ferromagnetism for the 8 layer BTFO Aurivillius 
structure, which is antiferromagnetic in bulk.   
Furthermore, the coercive field and remnant magnetization can be seen in the inset of Figure 
4(a). With increasing temperature, the coercive field decreases from 176.9 to 39.3 Oe and the 
remnant magnetization (Mr) decreases from 3.29 to 0.76 emu/cm3. The strong temperature 
dependence of saturation magnetization, remnant magnetization, and coercive field are well in 
contrast to the temperature dependence of high-temperature ferromagnetic impurities such as Fe 
clusters, confirming the intrinsic ferromagnetic order in the epitaxial thin films.  
It is clear that all the remnant magnetization ratios Mr/Ms are less than 1 for all temperatures, 
which indicates that the easy axis the magnetization is not well confined in-plane but likely canted 
out-of-plane. This is reminiscent of the novel ferromagnetism in antiferromagnetic BiFeO3 thin 
films, where the ferromagnetism emerges as a result strain-enhance asymmetric Dzyaloshinskii-
Moriya (DM) exchange interaction in non-collinear and frustrated spin systems or competition 
between magnetic surface anisotropy and shape anisotropy.21 In our case, epitaxial BTFO films are 
coherently strained to the STO substrate, with the in-plane lattice constant a = 5.52 Å, 
corresponding to 0.3% compressive strain compared with the bulk lattice a = 5.536 Å. More 
importantly, bulk BTFO has an orthorhombic symmetry while BFTO thin films are tetragonal due 
to the coherent epitaxial strain. The modification of the strain state and the lattice symmetry via 
epitaxy in single-crystal films can definitely influence the magnetic exchange interaction among 
Fe ions, leading to large enhancement of the ferromagnetic order in an  
antiferromagnetic matrix in epitaxial BTFO films.22  
To further investigate the nature of the ferromagnetic interaction in the epitaxial BTFO films, 
temperature dependence of both zero-field-cooled (ZFC) and field-cooled (FC) magnetization 
were measured under an in-plane magnetic field of 1000 Oe with a cooling field of 1000 Oe for 
FC measurements. The bifurcation between ZFC and FC curves below 250 K [Figure 4(b)] 
highlights the existence of spin frustration in the ferromagnetic system. Upon cooling under a 
magnetic field, the spin frustration is, to some extent, suppressed, while ferromagnetic domains 
grow and increasingly interact with one another. As a consequence, the FC magnetization is larger 
than the ZFC magnetization. In addition, magnetic properties of strongly correlated systems are 
rather sensitive to spin arrangements23,24 and the repeatable anomaly in the M-T curves around 
250K may imply a spin re-orientation in BFTO films.   
The electrical and dielectric properties of BTFO films were also investigated. Symmetric 
circular capacitor structures with diameters ranging from 5 to 40 m were fabricated by ex situ 
deposition of 80 nm thick SRO
 
top electrodes defined using a MgO hard-mask process, as shown 
in the inset of Figure 5(a).25,26 As shown in Figure 5(a), the current-voltage curves are highly 
symmetric and exhibit very low leakage current. Figure 5(b) shows the frequency dependence of 
the dielectric constant ܭDQGWKHORVVWDQJHQWWDQį) in BTFO thin films. Both the ѓ and tan į are 
stable at the high frequency region from 10 KHz to 1 MHz, implying great potential in high-k 
dielectric applications.  
Conclusion  
In summary, we have successfully fabricated high-quality epitaxial BTFO films (m = 8) on 
STO (001) substrates using pulsed laser deposition. HRXRD and HRTEM measurements confirm 
that the films exhibit a uniform m = 8 layered structure and are coherently-strained to the STO 
(001) substrate even with a SRO bottom electrode layer. The clear in-plane ferroelectric domain 
switching with robust ferromagnetism at room temperature illustrate that this material is a new type 
of single-phase room-temperature multiferroic with coexistence of ferroelectricity and 
ferromagnetism. This work therefore provides an attractive path of using epitaxial strain to 
realizing highly-desirable ferroelectric-ferromagnetic thin films for low energy multiferroic device 
applications.  
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Figure 1DDQGEDUH+5;5'Ȧ-șVFDQVRI%7)2672DQG%7)2652672 
films, indicating a typical c-axis-oriented epitaxial Aurrivillius oxide thin film. (c) 
Topography of the high-quality epitaxial BTFO thin film. The right panel shows an 
average step height with about 3.8 nm derived from the area. (d) Topography of the high-
quality epitaxial SRO thin film. Obvious terraces were observed. (e) X-ray reciprocal 
space mapping around (103) STO, (103) SRO and (103) BTFO diffraction peaks.  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Figure 2. (a) Schematic diagram of the 8 layer Aurivillius BTFO film structure. (b) 
STEM of the BTFO/SRO/STO epitaxial thin film. Inset is the selected area electron 
diffraction (SAED) pattern of the BTFO/SRO/STO heterostructure. (c) Atomic-
resolution HAADF-STEM image taken from cross-section of BTFO film. (d) and (e) 
Atomic-resolution HAADF-STEM image taken from the interfaces of  
STO/SRO and SRO/BTFO.  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Figure 3. (a) and (b) PFM images of the BTFO film along in-plane direction before and 
after poling with +20 V voltage on the tip. Blue arrow represents polarization along in-
plane direction. (c) and (d) PFM images of the BTFO film along out-of-plane direction 
before and after poling with +20 V voltage on the tip. All images were taken  
in an area of 5x5 µm2 and an applied dc bias of +20 V was written over a 2x2 µm2 area. All 
tests were carried out at room temperature.  
  
  
  
  
  
  
  
 
 
 
 
  
  
  
  
Figure 4. (a) In-plane magnetic hysteresis loops at different temperatures from 2K to  
300 K. Inset shows an enlarged view of in-plane M-H loops of the BFTO film. (b)  
Temperature dependence of magnetization was obtained with an applied field of 1000  
Oe. FC measurement was conducted with a cooling field of 1000 Oe.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
  
Figure 5. (a) Current-voltage (I-V) characteristic for a SRO/BTFO/SRO/STO 
heterostructure. The inset shows a schematic of the tested sandwiched structure of 
SRO/BTFO/SRO. (b) Dielectric constant and loss tangent of the BTFO film as a function 
of frequency. All the electrical measurements were carried out at room temperature.  
  
  
